The loop-gap resonator (LGR) was originally developed to provide a uniform microwave magnetic field on a sample for electron spin resonance (ESR) experiments. The LGR is composed of one or more loops and gaps acting as inductances and capacitances respectively. Typical LGR designs produce a uniform field on a sample at a single resonant frequency, but for certain experiments it is necessary to study the response of a material to uniform fields at multiple frequencies applied simultaneously. In this work we develop an empirical design procedure using finite element method calculations to design an asymmetric loop-gap resonator with uniform fields at two frequencies in the same sample volume and analyze the field uniformity, frequency tunability and filling factors, providing comparison to a manufactured device.
I. INTRODUCTION
0 RIGINALLY DEVELOPED for electron spin resonance (ESR) experiments in the S-band, loop-gap resonators (LGRs) have proven useful in a wide variety of experiments due to their ability to produce a uniform microwave magnetic field concentrated on a sample volume [l] . In contrast to cavity and transmission line resonators where the physical dimensions are tied to the wavelength at the resonant frequency, LGRs are effective lumped element devices with separate inductive and capacitive elements, allowing for smaller mode volumes that are more practical for confined geometries and spectroscopy of small samples.
The simplest LGR design consists of a metal tube with a narrow slot along its axis [1], [2] . The inductance of the structure is determined by the loop, while the gap contributes a capacitance. To a good approximation, the field inside the loop is purely magnetic, with the electric field confined to the gap. A refinement of this approach [3] uses three loops connected by two gaps to provide a controlled return flux path and reduce the strong radiation loss associated with the single-loop resonator's dipole field pattern.
Due to the flexibility in design, field uniformity, and optical access through the sample, resonators using this design are useful for a wide range of experimental studies, such as transduction between microwave and optical states in quantum computing applications [ 4] .
II. REQUIREMENTS AND MOTIVATION FOR RESONATOR DESIGN
When a sample with complex susceptibility x = x' -jx" is inserted into a resonator, the reactive component x' modifies the resonant frequency f o and the dispersive component x" modifies the quality factor Q: While multifrequency studies are typically performed by retuning a resonator and carrying out separate measurements, there are advantages to having a uniform field at two distinct frequencies simultaneously. For instance, many ESR experi ments require temperatures of 0.1 K or below, and thus entails the use of a 3 He/ 4 He dilution refrigerator. Cycling a dilution refrigerator to room temperature to retune a resonator can require hours or days, so the convenience of applying fields to a sample at multiple frequencies is considerable. More importantly, pump-probe spectroscopy with simultaneously applied fields at two frequencies is a common technique [6]. However, little work has been done to develop a microwave resonator that can produce uniform, resonantly enhanced, ac magnetic fields at frequencies spaced by a few GHz.
The resonator design studied in this work is shown in Fig. 1 . This design is a variation of a typical four-loop three-gap resonator, with asymmetry introduced to provide degrees of freedom to control the mode splitting. One loop is rectangular to accommodate the rectangular single-crystal samples often used in ESR and quantum magnetism studies. The dimensions of the rectangular loop are fixed by the sample size (here we
